This study was conducted to investigate the potential of cryogenic freezing with liquid nitrogen in the shelf-life extension of northern snakehead (Channa argus) and clarify the effects of temperature fluctuations after freezing on the quality attributes and tissue microstructure during frozen storage. The fish fillets were frozen by three methods including freezing using an ultra-low-temperature freezer (−80°C) to the core temperature of −60°C (T1) or −18°C (T2), or liquid nitrogen (T3) followed by storage at −20°C for five months. Cryogenic freezing with liquid nitrogen postponed the decrease in pH and protein extractability. Temperature fluctuations after freezing might promote the accretion of ice crystals and resulted in the loss of tissue integrity and disorganization of myofibrils. The microstructural changes contributed greatly to the increased thawing loss and decreased resilience, as indicated by the enlarged extracellular spacing and the flakiness of myofibrils. Cryogenic freezing with liquid nitrogen showed no superiority in maintaining the microstructure of northern snakehead fillets, which was supposedly attributed to the cracking in tissue during freezing and the accretion of ice crystals during frozen storage.
Introduction
Northern snakehead (Channa argus) is one of the most important economic fish species cultured in China. In 2012, the total production of snakehead reached 480,594 tonnes. [1] This fish has a tremendous market value due to the high quality of flesh, low fat content, and few intramuscular spines as an important protein source, which is also well known for its recuperative and medicinal qualities. [2, 3] Generally, northern snakehead, which has high vitality, is sold whole and alive, killed, and cooked in a variety of ways. [4] However, as an invasive species, its introduction can pose a great threat to the native fish populations. Therefore, it is urgent to find out alternative methods to meet the demands of global trade due to its high nutritive and medicinal value. It is well known that freezing plays a critical role in prolonging the shelf life and ensuring the safety of meat and meat products, especially the easily perishable fish. Unfortunately, no related information has been available on northern snakehead fish. Therefore, it is necessary to verify the suitability of frozen storage in the preservation of northern snakehead meat.
As the composition and structure of fish meat are complicated, changes in the quality of frozen meat are related to many factors, such as changes in the pH, protein properties, and microstructure of muscle tissue. [5] [6] [7] Tissue integrity is of great importance to the maintenance of muscle quality, especially for the water-holding capacity and textural properties. [8] The formation and accretion of ice crystals during freezing and frozen storage may disrupt organelles and cells and then some proteinases and prooxidants are released, resulting in the deterioration of muscle quality. [9] These changes can be influenced by various factors, including freezing rate, storage temperature, storage time, and so on. [10] [11] [12] Among those, freezing rate is thought to be critical to the size and distribution of ice crystals, which have great effects on the quality of frozen products. [13] Generally, high freezing rate is preferred, which is assumed to reduce the size of ice crystals formed and maintain good quality of frozen products. [14] In recent years, cryogenic freezing with liquid nitrogen has attracted great attention because it is non-toxic, inert, ensures high freezing rate at very low temperature, and maintains good properties of frozen products. [15] It is supposed that cryogenic freezing with liquid nitrogen might be a potentially promising technique in seafood preservation, which can facilitate the formation of small ice crystals and reduce the quality deterioration on freezing with a high heat transfer coefficient. [16] Based on the above, the potential of cryogenic freezing with liquid nitrogen in the preservation of northern snakehead meat was investigated compared with fast freezing at −80°C. Moreover, different final freezing temperatures were used to clarify the effects of temperature fluctuations after freezing on the quality attributes and microstructure of northern snakehead meat. The pH, extractability of salt-soluble proteins, activities of α-glucosidase (AG) and β-N-acetyl-glucosaminidase (NAG), water-holding capacity, and textural properties of northern snakehead fillets were evaluated. The microstructural changes were observed by a light microscope (LM) and a scanning electron microscope (SEM) during frozen storage.
Materials and methods

Sample preparation
Northern snakehead fish with a mean weight of 0.6-0.7 kg were purchased from a local aquatic market in Hangzhou, China. Living fish were killed by a blow to the head, beheaded, gutted, and transported to the laboratory in polystyrene boxes on ice within 20 min. Each fish was washed with ice water to remove any remaining blood, then filleted into 2-cm-thick slices manually perpendicular to the vertebral column, and randomly separated into three groups before freezing. The first group was frozen at −80°C by an ultra-lowtemperature freezer (MDF-382E (N), Sanyo Electric Co., Ltd., Japan) to the core temperature of −60°C (T1). The second group was frozen under the same conditions to the core temperature of −18°C (T2). The third group was frozen by immersion in liquid nitrogen (T3). The core temperatures of the samples were monitored by a wireless temperature sensor (Data Trace RF, Mesa Laboratories, Inc., Germany). Then the samples were wrapped by a food wrap film made from polyethylene and stored at −20°C for up to five months. Three fish were taken randomly from one group at each sampling time and thawed at 4°C for 10 h before analysis. Fresh specimens were considered as 0 day of storage for comparison with the frozen ones. For every sampled fish, the dorsal part from the same position was used for the same parameter measurement to eliminate the effect of different positions. The fish slices from near the head to the tail were used for the water-holding capacity measurement, microscopic observation, textural analysis, and biochemical attributes assays. For the analysis of biochemical properties, the fish meat was minced after thawing before analyses.
Methods
pH
In this study, 10 g of minced fish after thawing was dispersed in 100 ml of cold distilled water and stirred for 30 min. The pH was then measured using a digital pH meter (PHS-3BW, Bante Instruments, Ltd., Shanghai, China).
Salt-soluble protein content Salt-soluble proteins were extracted according to a slightly modified method described by Careche, Del Mazo, Torrejón, and Tejada. [17] For 2.00 g of minced meat, 20 ml of cold phosphate buffer (I = 0.05, pH 7.5) was added and stirred, followed by centrifuging at 3000 rpm for 10 min at 4°C using a high-speed refrigerated centrifuge (3 k-15, sigma Co., Ltd., Germany). The precipitate was washed twice more with the same buffer and centrifuged to remove the water-soluble proteins. To the collected pellet, 20 ml of 0.6 M KCl was subsequently added and the mixture was homogenized at 12000 rpm for 1 min. The homogenate was stirred at 4°C for 4 h, followed by centrifuging at 8500 rpm for 30 min at 4°C. The supernatant was collected and made up to 50 ml with 0.6 M KCl. The protein content was determined by the Biuret method, [18] and the salt-soluble protein content was expressed as the percentage of salt-soluble proteins extracted from fish meat.
Activities of AG and NAG
The centrifugal exudate was prepared according to a slightly modified method described by Duun and Rustad. [19] Minced meat was centrifuged at 15000 rpm for 40 min at 4°C, and the exudate was collected and made up to 25 ml with distilled water before conducting an enzyme assay. The protein content in the exudate was determined by the Biuret method. The activities of AG and NAG were determined by the method described by Sriket, Benjakul, Visessanguan, and Kijroongrojana. [20] For the AG activity assay, the reaction mixture contained 0.6 ml of 0.1 M sodium citrate buffer (pH 4.0), 0.4 ml of 1.0 M NaCl, and 2 ml of diluted muscle exudate. The reaction mixture was pre-incubated at 37°C for 10 min before 2 ml of 4.2 mM ρ-nitrophenyl-α-glucopyranoside was added. After 60 min, the reaction was terminated by 2 ml of 0.3 M KOH. The absorbance was measured at 405 nm. A negative control was carried out by adding 0.3 M KOH prior to the addition of ρ-nitrophenyl-α-glucopyranoside. To determine the activity of NAG, 0.3 ml of 0.1 M sodium citrate buffer (pH 4.5) and 0.2 ml of 0.6 M KCl were added to 0.2 ml of diluted muscle exudate. The reaction was initiated by 0.2 ml of ρ-nitrophenyl-N-acetyl-β-D-glucose amide, and then the mixture was incubated at 37°C for 10 min. The reaction was stopped by 1 ml of 0.3 M KOH. The amount of ρ-nitrophenol released was monitored at 405 nm and calculated using a molar extinction coefficient of 19500 M −1 cm −1 . One enzyme unit was defined as the activity that released 1 nmol of ρ-nitrophenol per minute.
Thawing loss
Blocks of samples (1 × 1 × 0.5 cm 3 in size) were cut with a precooling blade and thawed at room temperature. The specimens were weighed before (W a ) and after thawing (W b ). The thawing loss was calculated according to Eq. (1):
Pressing loss
The pressing loss was measured by the pressing method with filter paper according to Benjakul, Visessanguan, Thongkaew, and Tanaka, [21] with some modifications. The thawed specimens were placed between filter papers, with three sheets at the bottom and on the top, respectively, and then held under pressure (10 kg) for 10 min. The samples were removed from the paper and weighed (W c ). The pressing loss was calculated by the weight difference before and after pressing according to Eq. (2):
Total loss For the fresh samples, thawing loss was not determined. As such, the pressing loss was regarded as the total loss. The total loss of frozen northern snakehead fillets was obtained according to Eq. (3):
Instrumental textural properties Textural properties of the northern snakehead fillets were determined by a Texture Analyzer (TAXT2i, Stable Micro Systems Co., Ltd., UK). The thawed samples that were cut into small pieces (1 × 1 × 0.5 cm 3 in size) were placed at room temperature (25°C) for 1 h to eliminate the effect of low temperature prior to textural analysis. Each sample was compressed twice perpendicular to the muscle fibre orientation with a flat-ended cylindrical plunger (P/5) at a constant test speed of 1 mm/ s and the deformation was 60%. The textural attributes were obtained using textural profile analysismacro software attached to the instrument.
LM observation
The samples were prepared according to Liu, Liang, Xia, Regenstein, and Zhou [22] with slight modifications. After thawing, six blocks (approximately 3 × 3 × 6 mm 3 in size) were cut from the back of each sample and then immersed in Carnoy's solution (60% v/v absolute ethanol, 30% v/v chloroform, and 10% v/v glacial acetic acid) at 4°C for 24 h. The fixed samples were dehydrated using a graded series of ethanol solutions, followed by substitution with xylene. The specimens were embedded in paraffin, and the cross sections (8 µm in thickness) were achieved with a microtome (YD202A, Yidi Medical Appliance Co., Ltd., Zhejiang, China). Consecutively, the sections were reshaped in water, mounted on glass slides, dried for 24 h on a dryer (YD-AB, Yidi Medical Appliance Co., Ltd, Zhejiang, China), de-waxed, stained with hematoxylin and eosin solution, and then observed and photographed using an optical microscope (Model UB200i, UOP Photoelectric Technology Co., Ltd., Chongqing, China).
SEM observation
The samples (5 × 5 × 2 mm 3 ) cut from the back were fixed in 2.5% glutaraldehyde (0.1 M phosphate buffer, pH 7.2) for 24 h at 4°C. All the specimens were washed twice with 0.1 M phosphate buffer for 15 min. The specimens were then post-fixed with 1% osmic acid solution for 1 h, and the washing process was repeated. After dehydration in a graded series of ethanol (from 50%, 70%, 90% to 100%, v/v) and critical point drying, the samples were coated with gold palladium and viewed using a SEM (XL30, Philips Co., Ltd., Nederland).
Statistical analysis
Data were subjected to a variance analysis (ANOVA) with OriginPro 8.5. Means comparison was performed using the Tukey method with a statistical significance of p < 0.05.
Results and discussion
Temperature changes of northern snakehead fillets
Changes in the core temperature of the samples were recorded until the temperatures maintained stable at −20°C (Fig. 1) . The core temperature of the liquid nitrogen freezing samples reached −73°C after 20.5 min, whereas the core temperatures of those frozen at −80°C reached −18°C and −60°C after 24 min and 80 min, respectively. The time through the zone of maximum ice crystal formation was about 7 min and 2 min for T1 and T2 groups and T3 group, respectively. The freezing rates of these methods were very high, which were considered to lead to the formation of large amounts of small ice crystals. Small ice crystals, which cause less mechanical damage to frozen food, are preferred to the large ones. [16] When the samples were transferred to −20°C, the temperatures of T1 and T3 groups increased initially because of the temperature differences between the samples and the storage ambient. The temperature fluctuation after freezing might affect the stability of ice crystals formed during freezing and consequently the quality changes of frozen meat. [23] Changes in pH and content of salt-soluble proteins of northern snakehead meat during frozen storage Effects of freezing method on the pH of northern snakehead fillets during frozen storage are shown in Fig. 2  (A) . The pH differed significantly with the increasing storage period (p < 0.05). The values decreased initially and then increased except for the T2 group. In this study, the processing time before freezing was less than 1 h, so the fish were considered to be in the state of pre-rigor. From the results, the pH of the T3 group, which was not different from that of the fresh meat, was significantly higher after 14 days of storage compared to the other methods. It was conceived that freezing with liquid nitrogen postponed the onset of rigor mortis. The initial reduction in pH is thought to be caused by the lactic acid formed by glycolytic reaction. [24] Alkaline substances produced by protein degradation may increase pH due to endogenous enzymes released from the tissue with prolonged storage time. [25] It is believed that the salt-soluble proteins are responsible for the functional properties of meat and meat products. A decrease in protein extractability of meat is indicative of quality deterioration. After 14 days of storage, the protein extractability of T3 group was not significantly different from that of the fresh ones. However, a significant decrease in the salt-soluble protein contents of T1 and T2 groups were observed (p < 0.05), which might be related to the lower pH in these samples. [26] After 30 days of storage, the content of salt-soluble proteins decreased continuously with the extended storage period. No significant differences were found among the different freezing methods after 90 and 150 days of storage (p > 0.05). Compared to the fresh samples, there was a 52% decrease in the protein extractability after 150 days of frozen storage. Badii et al. [10] reported that the protein solubility of cod and haddock muscles decreased with the increasing storage time despite the different storage temperatures. The decreased protein extractability might be caused by the aggregation and denaturation of proteins during freezing and frozen storage. After freezing, the formation of ice crystals causes the concentration of cellular solutes, which might accelerate protein denaturation. The water layers are thought to be of crucial importance for the structure of proteins. [27] With the dehydration of proteins, some side-chain residues are exposed, and the aggregation and crossinglinks of proteins might be formed easily by the formation of disulphide, hydrogen, and hydrophobic bonds, resulting in the decrease in protein extractability. [28] [29] [30] Moreover, the released proteinases from the organelles might accelerate the protein denaturation during frozen storage. Because myofibrillar proteins are of great importance in the nutritional and functional qualities of fish meat, denaturation of myofibrillar proteins, as indicated by the decrease in the extractability of salt-soluble proteins, might exert an adverse effect on the quality of northern snakehead fillets.
Changes in activities of AG and NAG of northern snakehead meat during frozen storage
The activities of AG and NAG have been reported as markers of cell or tissue integrity. [31] As shown in Fig. 3 , the activities of AG and NAG increased with the extended storage time, followed by a significant decrease in A B both the activities after 150 days of frozen storage (p < 0.05). With the increasing storage time, the accretion of ice crystals might cause mechanical damage to the myofibres, resulting in the release of enzymes. The decline in the enzymatic activity in the late storage period was presumed to be due to the denaturation of AG and NAG. These results were in accordance with those of Benjakul et al., [21] who found that the AG and NAG activities of croaker and lizardfish decreased after 20 and 16 weeks of frozen storage at −18°C, respectively. These enzymatic changes in this study indicated a significant loss of cell membrane integrity of northern snakehead during freezing and frozen storage. A significant increase in the activities of AG and NAG was observed in the T3 group after 60 days of storage (p < 0.05), whereas it was observed after 90 days in the T1 and T2 groups. Although a high freezing rate was obtained with the liquid nitrogen freezing method, the cracks after freezing and the accretion of ice crystals during frozen storage might be responsible for the deterioration of tissue integrity. It is reported that small ice crystals presumably melt faster than the larger ones and form larger crystals with a slight increase in temperature, even if it is still very low. [28] In this study, large amounts of small ice crystals that formed after freezing in the T3 group might have melted, formed larger ice crystals, and caused mechanical damages to the meat when the samples were transferred to −20°C, which might be responsible for the loss of tissue integrity.
Changes in water-holding capacity of northern snakehead meat during frozen storage
One of the most important features of meat quality is its water-holding capacity, which is closely related to the juiciness, texture, and other quality properties of meat. [32] Loss of water-holding capacity is not only unappealing to consumers but also causes an economic loss for enterprises. Changes in the water-holding A B C Figure 4 . Changes in the water-holding capacity of northern snakehead frozen by different methods during frozen storage. T1 (frozen at −80°C to −60°C), T2 (frozen at −80°C to −18°C), and T3 (frozen by liquid nitrogen).Each value is expressed as mean ±standard deviation (n = 6).
capacity of northern snakehead fillets frozen by different methods during frozen storage are presented in Fig. 4 in terms of thawing loss, pressing loss, and total loss. The thawing loss increased significantly with the samples of T1 and T2 groups after 90 days of frozen storage (p < 0.05), whereas the samples of T3 group kept having the highest values from 30 days of storage. These changes in thawing loss were closely related to the tissue integrity and structural changes. A continual increase in pressing loss was observed in all the samples with increasing storage time, with the samples of the T1 group being the highest from 30 days of storage. Freezing method had a significant effect on the water-holding capacity of frozen fish meat. Throughout the storage period, the minimum values of pressing loss and total loss were obtained in the T2 group. The thawing loss, pressing loss, and total loss were negatively correlated with the protein extractability with the correlation coefficients of −0.80, −0.84, and −0.87, respectively. Moreover, the loss of water-holding capacity of frozen northern snakehead meat was also closely related to the disruption of tissue integrity.
Changes in textural characteristics of northern snakehead meat during frozen storage
Changes in the textural characteristics of northern snakehead fillets during frozen storage are shown in Fig. 5 . From the texture profile analysis, different parameters of fish texture were obtained. Hardness is defined as the maximum resistance during the first compression, whereas springiness is the height recovered after the first compression. Cohesiveness provides a relative and dimensionless measure of the muscle strength that remained after the first compression. [33] In this study, the hardness showed no significant changes within 30 days of storage (p > 0.05), and then decreased gradually with extended storage time, especially after 150 days of storage. The decrease in hardness with a long storage period might be caused by the loss of tissue integrity and the enzymes released during frozen storage. [34] The springiness changed little throughout the frozen storage. No significant difference was observed with the cohesiveness of the fillets (data not shown). As a result, chewiness, which is the product of hardness, springiness, and cohesiveness, decreased gradually with the extended storage time. The chewiness was affected by the freezing method significantly. It decreased significantly in the T1 and T3 groups after 60 days of storage (p < 0.05), whereas it showed less changes in the T2 group until 90 days of storage. Resilience is calculated by the area of the first upstroke divided by the area of the first downstroke and reflects the force and speed with which the fillets bounce back after the first compression. [33] As a parameter of meat elasticity, the resilience of northern snakehead was mostly affected by freezing instead of storage time. Changes in the textural properties during frozen storage were postulated to be affected by many factors, such as the protein solubility, modifications of myofibrillar proteins due to the protease action, and decrease in water-holding capacity. [35, 36] The textural deterioration of northern snakehead during frozen storage in this study was coincidental with the reduction in the extractability of salt-soluble proteins and water-holding capacity. The structural changes of the tissue and myofibrils also supposedly played an important role in the textural changes.
Effect of freezing method on the microstructure of northern snakehead fillets during frozen storage
To clarify the effects of freezing method and frozen storage on the microstructure of northern snakehead fillets, the LM and SEM profiles were observed. From the LM profiles, the myofibres were in a typical polygonal shape and were tightly attached to one another for the fresh samples. The cell boundaries were quite distinct, and no detachments between the cells were found (Fig. 6(A) and 0 d) . After 30 days of storage, the cells of the T2 group still maintained a good shape, whereas small detachments were found in the T1 and T3 groups, and the cells showed deformities, especially in the T3 group (Fig. 6(A) and 30 d) . With prolonged storage time, the myofibres were more seriously damaged and deformed in the T3 group. Larger extracellular spacing observed in the T3 group after 30 days and 60 days of storage might be responsible for the higher thawing loss than the other two groups. However, more severe intracellular damages were observed in the T1 group, as indicated by more cavities inside the cells. It might be related to the protein denaturation. During thawing, the ice crystals in the muscle melted and more white holes were left when the "recovery ability" of the cells decreased, which mainly depended on the protein properties. [23] The high pressing loss in the T1 group might be caused by these structural damages. Disorganization was found after 90 days of storage including in the T2 group. No difference in muscular disintegration could be found among different freezing methods after 150 days of storage, which was so severe that the structure of the myofibres could not be recognized totally. This was in accordance with the results observed in the tilapia muscle after six months of storage at −20°C. [37] Theoretically, large amounts of nuclei will be formed, limiting the size of ice crystals in a system subjected to high freezing rates. However, ultra-rapid freezing (freezing in liquid nitrogen in this study) might cause mechanical cracking, [38] which might accelerate the microstructural deterioration and quality loss of the northern snakehead fillets. Moreover, small ice crystals tend to melt and form large ice crystals when suffering from temperature fluctuations. [28] Because of the larger temperature shift in the samples under T1 and T3 conditions, recrystallization and redistribution of ice crystals might take place more severely in the northern snakehead fillets when the samples were transferred to −20°C for storage. Therefore, not only the freezing method, but also the management of storage temperature is of crucial importance for the quality of fish meat.
More detailed information on the intracellular changes of northern snakehead was obtained from the SEM profiles (Fig. 6(B) ). The myofibrils arranged neatly and straightforwards with clear boundaries in the fresh samples. After 30 days of storage, some ruptures were observed in the T1 group and disorder in the T3 group, while regular shape was retained in the T2 group. However, the flakiness of myofibrils was observed in all the samples after frozen storage, which might be caused by the dehydration of proteins. It was much more clearly observed after 60 days of storage, at which time the disorganized myofibrils were first found in the T2 group. After 90 days and 150 days of storage, the myofibrils were in disorder in all the samples with holes and gaps irrespective of the freezing method. The changes in the myofibrils observed could partly be responsible for changes in the textural properties and water-holding capacity, especially the resilience of the northern snakehead.
Conclusions
Effects of freezing method and frozen storage on the quality attributes and tissue microstructure of northern snakehead were investigated in this study. Cryogenic freezing with liquid nitrogen could postpone the decrease of the pH and salt-soluble protein content in meat, whereas it showed no superiority in maintaining the tissue integrity. The deterioration of tissue structure, which resulted in the decrease of water-holding capacity and textural properties, might be caused by the cracking during freezing and the accretion of ice crystals due to temperature fluctuation after freezing. It is indicated that avoiding temperature fluctuation is of crucial importance for meat quality.
